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Abstract 

In  this  study,  experiments  were  carried  out  to  study  the  effects  on  the  performances  of  individual  cell  and  stack  of  PEM  fuel  cell.  In  the  experiment, 
there  are  four  key  operating  conditions  that  affect  the  cell  performance,  and  they  are  gas  humidification  temperature,  cell  temperature,  assembled 
torsion,  and  gas  flow  rate.  A  5-cell  stack  of  PEMFC  was  used  to  measure  the  voltage  and  current  density  for  individual  cell  in  this  experiment. 
Results  reveal  that  the  performances  of  the  center  fuel  cells  are  relatively  lower  than  those  of  the  cells  on  both  sides  of  the  stack.  It  is  also  shown 
that  stack  performance  increases  with  the  increase  in  the  anode  humidification  temperature  as  well  as  the  center  cell  of  the  stack.  As  for  the  effect 
of  cell  temperature,  results  indicate  that  stack  performance  increases  with  the  increase  in  cell  temperature.  It  is  also  disclosed  that  the  performances 
of  individual  cell  and  stack  do  not  change  with  the  increase  in  the  anode  gas  stoichiometric  ratio,  but  increase  with  the  increase  in  the  cathode 
gas  stoichiometric  ratio.  In  addition,  the  experiment  results  also  show  that  the  whole  stack’s  performance  is  enhanced  with  the  increase  in  the 
assembling  torsion. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Substantial  efforts  have  been  made  to  create  inexpensive  and 
efficient  proton-exchange  membrane  fuel  cell  (PEMFC)  during 
the  past  decades,  owing  to  its  higher  energy  efficiency,  low  pol¬ 
lution  and  low  noise.  There  are  lots  of  works  [1-6]  expended 
on  development  of  numerical  modeling  in  the  1990s.  Current 
development  for  numerical  analysis  is  in  the  direction  of  apply¬ 
ing  computational  fluid  dynamics  (CFD)  to  solve  the  transport 
equations  in  PEM  fuel  cell  [7-12]. 

However,  practical  applications  require  a  fuel  cell  stack 
working  at  high  current  and  voltage.  Sufficient  reactant  gas  is 
necessary  for  each  cell  in  a  stack  in  order  to  attain  high  per¬ 
formance  and  stable  operation  of  cell  stack.  The  research  and 
development  of  fuel  cell  stack  have  received  much  attention  due 
to  the  complexity  of  electrochemical  process  within  fuel  cell 
stack  [13-16].  The  operation  conditions  of  cell  stacks,  cell  tem¬ 
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perature,  gas  humidification  temperature,  and  gas  flow  rate  may 
lead  to  an  increase  and/or  decrease  of  stack  performance.  Men- 
nola  et  al.  [17]  measured  the  ohm  resistance  and  voltage  for  each 
single  cell  in  the  stack  using  the  current  interruption  method. 
They  found  that  the  ohm  resistances  of  the  cells  on  both  ends 
of  the  stack  are  higher  than  those  of  the  cells  near  the  center  of 
the  stack  due  to  lower  temperatures.  Giddey  et  al.  [18]  studied 
a  15 -cell  stack  with  the  power  of  1  kW  as  the  current  was  1 10  A 
and  120  A  respectively.  Results  showed  that  the  voltages  of  the 
cells  at  two  sides  of  stack  are  higher  than  those  of  the  cells  near 
the  center  and  the  voltage  differences  between  individual  cells 
would  be  enlarged  with  an  increase  of  the  current.  Zhu  et  al.  [19] 
experimentally  investigated  10  different  stacks  with  each  made 
of  47  cells.  In  their  study,  it  was  disclosed  that  that  the  voltage 
of  the  end  cells  dropped  down  seriously. 

Rodatz  et  al.  [20]  investigated  some  aspects  critical  to  the 
operation  of  large  fuel  cell  stacks  in  automotive  applications 
such  as  control  issues  in  the  supply  system,  stack  failures,  and 
the  appropriate  counter  measures  as  well  as  some  procedures 
to  increase  the  voltage  stability.  They  pointed  out  four  reasons 
which  caused  a  mal-distribution  of  each  single  cell  in  a  cell 
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Nomenclature 

I  current  density  (mA/cm2) 

V  voltage  (V) 

7a  anode  humidification  temperature  (°C) 

7c  cathode  humidification  temperature  (°C) 

Tceii  stack  temperature  (°C) 

A  a  gas  stoichiometric  ratio  in  anode 

Ac  gas  stoichiometric  ratio  in  cathode 

t  assembling  torsion  (lb  in) 

Subscript 
A  anode 

C  cathode 

Cell  stack 


stack:  1 ,  insufficient  fuel  supply  and  negative  voltage;  2,  fracture 
of  the  membrane;  3,  overheating;  4,  huge  differential  pressure. 
Sohn  et  al.  [21]  analyzed  the  operating  conditions  affecting  the 
performance  of  an  air-cooling  PEMFC  which  is  designed  for 
portable  applications.  In  this  study  a  500  W  air-cooling  PEMFC 
was  fabricated  and  tested  to  evaluate  the  design  performance  and 
to  determine  optimal  operating  conditions.  They  showed  that 
the  stress  caused  by  the  pressure  drop  was  enough  to  remove 
the  excessive  water  in  the  stack  when  relative  humidity  (RH) 


was  between  50%  and  70%.  However,  an  extremely  high  RH 
(RH  >  70%)  would  cause  water  flooding  phenomena,  when  the 
amount  of  water  generated  in  the  cell  was  larger  than  that  was 
removed,  leading  to  a  corresponding  degradation  of  the  cell. 
Tanaka  et  al.  [22]  developed  a  method  to  stabilize  a  PEFC  stack 
output  and  clarified  operating  conditions  that  affect  the  I-V  char¬ 
acteristic  curve,  including  stack-operating  temperature  (coolant 
outlet  temperature),  gas  operating  pressure,  gas  utilization  ratio 
(gas  stoichiometry),  and  gas  dew  point.  Chu  and  Jiang  [23]  eval¬ 
uated  the  performance  of  an  air-breathing  PEMFC  stack  under 
different  environmental  conditions.  It  was  found  that  the  humid¬ 
ity  of  the  surrounding  air  significantly  affected  the  performance 
of  the  stack.  When  the  humidity  was  less  than  10%  RH  at  35  °C, 
the  stack  lost  almost  95%  in  power. 

Proper  gas  and  water  management  are  essential  to  achieving 
and  maintaining  high  power  output  in  a  PEM  fuel  cell  stack. 
Knobbe  et  al.  [24]  employed  the  active  gas  management  sys¬ 
tem  controlling  gas  flow  rate  in  each  single  cell  to  study  the 
performance  in  small  and  large  air  cathode  stacks  of  five  and 
six  cells.  They  demonstrated  that  both  large  and  small  stack 
received  a  30%  power  increase  after  accounting  for  parasitic 
losses.  Recently,  Yan  et  al.  [25]  presents  the  AC  impedance 
characteristics  of  a  2  kW  PEMFC  stack  under  different  operating 
conditions  and  load  charges.  They  showed  that  air  stoichiometry, 
air  humidity,  and  operation  temperature  have  significant  effects 
on  the  AC  impedance  of  stack. 


Fig.  1.  Schematic  diagram  of  the  testing  system. 
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Fig.  2.  Effect  of  anode  gas  humidification  temperature  on  the  performance  of 
each  single  cell  in  the  stack;  (A)  40  °C;  (B)  60  °C;  (C)  80  °C. 


From  the  literatures  cited  above,  it  is  noticed  that  not  only 
the  operation  parameters  but  also  some  design,  material  and 
assembly  aspects  might  have  some  influence  on  the  stack’s  per¬ 
formance.  Apparently,  the  effects  of  operation  conditions  on  the 
performance  of  individual  fuel  cell  in  a  cell  stack  are  key  issues. 
The  main  purpose  of  this  work  is  to  investigate  the  performances 
of  individual  cell  and  cell  stack  through  changing  these  operation 
parameters. 


Current  density  (mA/cm2) 


Fig.  3.  Effects  of  anode  gas  humidification  temperature  on  the  overall  perfor¬ 
mance  of  the  stack. 

2.  Experiment 

The  membrane  electrode  assembly  (MEA)  used  in  the  present 
experiment  is  produced  by  GORE  with  active  surface  area  of 
10  x  10  cm2.  The  catalyst  Pt  loading  is  1 .4  mg/cm2  in  the  anode 
and  2  mg/cm2  in  the  cathode.  The  material  for  the  Gas  Diffuser 
Layer  (GDL)  is  the  carbon  paper  produced  by  GORE-TEX  with 
the  thickness  of  0.4  mm  and  the  area  of  13.5  cm  x  13.5  cm.  The 
bipolar  plate  is  highly  dense  carbon  plate  produced  by  POCO.  Its 
pattern  number  is  AXF-5QCF  with  a  size  of  13.5  cm  x  13.5cm 
and  3  mm  in  width.  The  distribution  channels  are  machined  as 
a  5 -inlet  and  5 -outlet  designed  serpentine  flow  field  with  a  rect¬ 
angular  shape  on  the  polar  plate.  The  width  and  depth  of  the 
channels  are  both  1  mm  for  a  distribution  area  of  10  x  10  cm2. 
The  current  collector  is  made  of  copper,  on  which  a  gold  layer 
was  overlaid  to  reduce  the  contact  resistance  and  to  enhance 
erosion  resistance  between  the  two  plates.  The  dimension  of  the 
current  collector  is  13.5  x  13.5  cm2  with  thickness  of  3  mm.  As 
for  the  end  plate,  it  is  made  of  stainless  steel  with  the  area  of 
18.9  x  18.9  cm2  and  30  mm  in  thickness. 

The  physical  system  used  in  the  experiment  is  shown  in  Fig.  1 . 
It  is  a  fuel  cell  testing  system  made  by  ARB  IN  Co.  This  appa¬ 
ratus  consists  of  a  gas  supply  system,  a  flow  control  system, 
a  temperature  control  system,  a  humidification  system,  a  load 
system  and  a  computerized  DAQ  system.  The  internal  structure 
of  this  apparatus  includes:  1,  temperature  control  system  and 
temperature  measuring  devices;  2,  humidity  control  system;  3, 
gas  supply  system;  and  4,  electric  load  system.  The  operating 
temperature  ranged  from  25  to  100  °C,  with  two  inflow  type: 
Hydrogen/oxygen  and  hydrogen/air.  A  heater  with  an  Omega 
CN76000  PID  temperature  controller  is  employed  to  heat  the 
PEM  stack  to  the  desired  temperature.  There  is  coolant  flow 
through  the  stack  for  each  individual  cell.  The  gas  supplied  man¬ 
ifold  has  been  designed  in  order  that  the  supplied  gas  flows  to 
each  individual  cell  uniformly.  A  flow  simulation  has  also  been 
carried  on  to  assure  a  uniform  flow  with  the  manifold. 

The  voltage  of  a  single  cell  in  the  stack  is  measured  by  the 
device  of  Model  139326_AUX_IO_VI_300V_64CH  produced  by 
Arbin  Co.  This  apparatus  can  measure  at  most  32  cells’  voltage 
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Fig.  4.  Effect  of  cathode  gas  humidification  temperature  on  the  performance  of 
each  single  cell’s  in  the  stack  (A)  40  °C;  (B)  60  °C;  (C)  80  °C. 


and  thereby  has  64  channels,  which  are  connected  on  the  cath¬ 
ode  and  anode  side.  Since  the  operating  voltage  of  the  cell  is 
between  0  and  1  V,  it  is  enough  to  satisfy  voltage  output  for  each 
single  cell  when  the  measurement  range  of  the  system  is  set  as 
0-2  V. 

3.  Results  and  discussion 


Fig.  5.  Effect  of  cathode  gas  humidification  temperature  on  the  overall  perfor¬ 
mance  of  the  stack. 


In  the  present  experimental  study,  cell  performances  for  indi¬ 
vidual  fuel  cell  and  stack  are  measured.  The  conditions  for 


Fig.  6.  Effect  of  cell  temperature  on  the  performance  of  each  single  cell’s  in  the 
stack  (A)  50  °C;  (B)  60  °C;  (C)  70  °C. 
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Fig.  7.  Effect  of  cell  temperature  on  the  overall  performance  of  the  stack. 
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Fig.  8.  Effect  of  anode  gas  stoichiometric  ratio  on  the  performance  of  each  single 
cell  in  the  stack;  (A)  =  1.4;  (B)  A.  a  =  1.6;  (C)  =  1.8. 


Fig.  9.  Effect  of  anode  gas  stoichiometric  ratio  on  the  overall  performance  of 
the  stack. 

both  anode  and  cathode  are  varied  to  investigate  the  paramet¬ 
ric  effects,  such  as  humidification  temperature,  cell  temperature, 
gas  flow  rate  and  assembling  torsion.  The  effect  of  anode  humid¬ 
ification  temperature  on  the  performances  of  each  individual 
fuel  cell  is  presented  in  Fig.  2.  The  cell  temperature  is  fixed 
at  60  °C,  and  the  stoichiometric  ratio  for  both  anode  and  cath¬ 
ode  are  1.6  and  2.5,  respectively.  The  assembling  torsion  is  set 
at  70  lb  in.  It  is  seen  that  the  performances  for  the  cell  on  both 
sides  are  higher  than  those  for  the  center  cells  in  the  stack.  This  is 
because  the  cells  at  the  center  are  less  humidified  during  opera¬ 
tion.  It  is  also  noticed  that  the  performances  for  each  individual 
cell  in  the  stack  become  closer  as  humidification  temperature 
increases.  The  reason  is  that  more  humid  in  the  fuel  is  deliv¬ 
ered  to  the  center  cell,  resulting  in  a  decrease  in  the  internal 
resistance  of  the  center  cell.  However,  the  performances  for  the 
cells  on  both  ends  of  the  stack  do  not  show  a  visible  change 
with  the  increase  of  the  anode  humidification  temperature.  It  is 
reasonable  since  the  water  content  inside  the  cells  on  both  ends 
of  the  stack  is  in  saturated  condition.  Fig.  3  presents  the  effect 
of  anode  humidification  temperature  on  the  overall  cell  perfor¬ 
mance  for  the  stack.  It  is  clearly  observed  that  the  overall  cell 
performance  increases  with  the  increase  of  anode  humidification 
temperature.  Apparently,  the  improved  performance  is  benefi¬ 
cial  with  a  better  water  management,  especially  for  the  cells 
near  the  center  of  the  stack.  The  effects  of  cathode  humidifica¬ 
tion  temperature  on  the  performances  of  individual  cell  and  cell 
stack  are  presented  in  Figs.  4  and  5,  respectively.  Results  sim¬ 
ilar  to  that  for  anode  humidification  temperature  are  obtained. 
The  performances  of  individual  cell  and  cell  stack  are  improved 
as  cathode  humidification  temperature  increases.  The  improved 
performances  are  also  a  result  from  a  better  water  manage¬ 
ment  inside  the  cell  stack  by  increasing  cathode  humidification 
temperature. 

Figs.  6  and  7  represent  the  effects  of  cell  temperature  on  the 
performance  of  individual  cell  and  stack.  In  Fig.  6,  results  indi¬ 
cate  that  the  difference  between  the  performances  for  each  cell 
in  the  cell  stack  is  augmented  as  cell  temperature  increases.  This 
can  be  explained  by  the  fact  that  the  relative  humidity  decreases 
as  cell  temperature  increase,  resulting  in  a  drier  condition  for 
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Fig.  10.  Effect  of  cathode  gas  stoichiometric  ratio  on  the  performance  of  each 
single  cell  in  the  stack;  (A)  A.c  =  1.5;  (B)  A-c  =  2.5;  (C)  Xq  =  3.5. 

the  cells,  especially  for  those  at  the  center  of  the  stack.  How¬ 
ever,  the  performances  of  cells  on  both  ends  of  the  cell  stack  do 
not  show  a  visible  difference  with  increasing  cell  temperature, 
because  of  sufficient  supply  of  fuel  and  water.  It  is  interesting 
to  see  in  Fig.  7  that  the  overall  performance  with  cell  tempera¬ 
ture  of  60  °C  is  the  best  among  the  three  cases.  It  can  be  easily 
understood  that  cell  performance  can  be  improved  by  increase 
of  cell  temperature  resulting  from  an  increase  of  internal  energy 
and  a  decline  of  activation  overpotential.  However,  when  the  cell 
temperature  is  up  to  70  °C,  the  overall  performance  of  the  stack 


decreases,  even  lower  than  that  of  50  °C.  It  is  also  observed  in 
Fig.  6(C)  that  the  performances  for  the  cells  at  the  center  in  the 
cell  stack  degraded  for  cell  temperature  to  be  70  °C.  This  sug¬ 
gests  that  a  proper  cell  temperature  rise  will  be  beneficial  for 
the  overall  performance  of  the  stack.  This  can  be  attributed  to 
the  low  water  content  inside  the  stack  at  higher  cell  tempera¬ 
tures. 

In  this  experiment,  the  effects  of  gas  flow  for  both  anode 
and  cathode  on  the  performance  of  individual  cell  and  cell 
stack  are  also  under  investigation.  The  effects  of  anode  gas  sto¬ 
ichiometric  ratio  on  the  performance  of  individual  cell  and  cell 
stack  are  presented  in  Figs.  8  and  9,  respectively.  It  is  clearly 
seen  that  the  performances  of  individual  cell  and  cell  stack 
do  not  show  a  visible  difference  with  the  increase  in  anode 
gas  stoichoimetric  ratio.  This  is  owing  to  the  fact  that  suffi¬ 
cient  fuel  is  supplied  to  individual  cell,  even  for  those  at  the 
center.  As  for  the  effect  of  cathode  gas  stoichiometric  ratio, 
Figs.  10  and  11  indicate  its  influences  on  the  performance 
of  individual  cell  and  cell  stack,  respectively.  In  Fig.  10,  it 
is  observed  that  the  performances  of  each  cell  in  stack  are 
closer  as  cathode  gas  stoichiometric  ratio  increases.  It  is  also 
seen  in  Fig.  10  that  the  performances  of  each  cell  in  the  stack 
are  improved  as  a  higher  cathode  gas  stoichiometric  ratio  is 
used.  This  can  be  concluded  that  the  oxidant  is  insufficient 
for  the  cells  near  center  of  the  stack  with  lower  cathode  gas 
stoichiometric  ratio.  As  the  cathode  gas  stoichiometric  ratio 
increases,  the  cell  performance  becomes  better,  especially  for 
those  at  the  center  of  the  stack.  In  Fig.  11,  the  overall  perfor¬ 
mance  of  the  stack  increases  as  cathode  gas  stoichiometric  ratio 
increases.  However,  the  improvement  is  not  apparent  even  for 
AC  =  3.5. 

Assembling  torsion  is  one  of  the  important  parameters  for 
fuel  cell  stack,  since  the  applied  tension  shall  affect  on  the  stress 
of  each  cell  and  gas  leakage.  The  influences  of  assembling  tor¬ 
sion  of  the  stack  on  the  performances  of  each  single  cell  and 
cell  stack  are  presented  in  Figs.  12  and  13,  respectively.  In 
Fig.  12,  it  is  obvious  to  see  that  the  performance  of  individ¬ 
ual  cell  increases  as  assembling  torsion  increases.  However,  the 
performance  differences  between  each  cell  are  enlarged  with 


Fig.  11.  Effect  of  cathode  gas  stoichiometric  ratio  on  the  overall  performance 
of  the  stack. 
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Current  density  (mA/cm2) 


Fig.  12.  Effect  of  assembling  torsion  on  the  performance  of  each  single  cell  in 
the  stack;  (A)  r  =  60  lb  in;  (B)  r  =  70  lb  in;  (C)  r  =  80  lb  in. 


increase  of  assembling  torsion.  This  means  that  the  assembling 
torsion  diminishes  the  internal  contact  resistance  and  gas  leakage 
of  each  cell.  As  a  result,  the  performance  of  each  cell  increases. 
In  addition,  the  amount  of  increase  in  cell  voltage  decreases  as 
assembling  torsion  increases.  This  will  lead  to  an  optimum  per¬ 
formance  for  a  specific  assembling  torsion  value.  Nevertheless, 
it  is  shown  in  Fig.  13  that  the  overall  performance  of  the  stack 
increases  as  the  assembling  torsion  increases  within  the  range 
of  60-80  lb  in. 


Current  density  (mA/cm2) 


Fig.  13.  Effect  of  assembling  torsion  on  the  overall  performance  of  the  stack. 

4.  Conclusion 

In  this  experimental  work,  the  influences  of  different  oper¬ 
ation  parameters  on  the  performances  for  each  individual  cell 
and  cell  stack  of  PEM  fuel  cell  have  been  investigated.  Opera¬ 
tion  parameters  include  anode  humidification  temperature,  cell 
temperature,  gas  flow  rate  and  assembling  torsion.  Conditions 
for  both  anode  and  cathode  are  considered.  Based  on  the  results, 
the  following  conclusions  can  be  drawn. 

1 .  Not  only  the  individual  cell,  but  also  the  overall  stack  shows 
better  performance  with  increase  of  anode  humidification 
temperature,  especially  for  the  cell  at  the  center  of  the  stack. 
Similar  results  are  obtained  for  cathode. 

2.  The  differences  between  performances  of  each  cell  in  a  stack 
are  augmented  as  cell  temperature  increases.  However,  the 
overall  performance  of  the  stack  can  be  improved  with  a 
proper  raise  of  cell  temperature. 

3 .  Effects  of  anode  gas  stoichiometric  ratio  on  the  performances 
of  individual  cell  and  cell  stack  are  not  obvious;  however,  the 
performances  of  individual  cell  and  cell  stack  are  enlarged 
as  cathode  gas  stoichiometric  ratio  increases. 

4.  The  performances  of  each  cell  and  cell  stack  increase  as 
assembling  torsion  increases  within  the  range  of  60-80  lb  in. 
The  differences  of  performances  for  each  cell  in  the  stack  are 
enlarged  as  assembling  torsion  increases. 
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